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Abstract
One of the ultimate goals of nuclear collision experiments at high energy is to map the phase diagram of strongly
interacting matter. A very challenging task is the determination of the QCD phase structure including the search for
critical behavior and verification of the possible existence of a critical end point of a first order phase transition line.
A promising tool to probe the presence of critical behavior is the study of fluctuations and correlations of conserved
charges since, in a thermal system, these fluctuations are directly related to the equation of state (EoS) of the system
under the study. In this report an overview is given of several experimental measurements on net-proton multiplicity
distributions such as cumulants and multi-particle correlation functions.
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1. Introduction
The study of a phase structure of strongly interacting matter is the focus of many research activities
worldwide. As the theory of strong interactions, Quantum Chromodynamics (QCD), is asymptotically free,
in the realm of high temperature and/or density the fundamental degrees of freedom of the strong interactions
come into play. By colliding heavy-ions at different energies one hopes to heat and/or compress the matter
to energy densities at which a transition from matter consisting of confined baryons and mesons to a state of
liberated quarks and gluons (deconfined phase) begins. However, liberated quarks and gluons are not what
one ultimately observes in experiments. The subsequent expansion and cooling of the deconfined phase
leads to formations of hadrons, which fly outwards, and get registered by the detectors. This process of
hadronization plays a key role in understanding what detectors see. The headway is to establish a bridge
between the events which occur before the hadronization and the experimental outcome. The situation is
much similar to reconstruction of the cosmological Big Bang from observables like Hubble expansion, the
cosmic microwave background and the abundance of light atomic nuclei.
Phase transitions are usually studied by looking to the response of the system to external perturbations.
For example, the liquid gas phase transition can be probed by the response of the volume to a change in
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pressure, which is encoded in the isothermal compressibility. In the Grand Canonical Ensemble (GCE)
formulation of statistical mechanics the latter contains fluctuations of liquid constituents from microstate to
microstate. Hence, the objective is to relate macroscopic parameters of the system, which define its EoS,
with its microscopic details encoded in fluctuations.
In a similar way, phase transitions in strongly interacting matter can be addressed by investigating the
response of the system to external perturbations via measurements of fluctuations of conserved charges such
as baryon number or electric charge [1, 2].
For a thermal system of volume V and temperature T , within the Grand Canonical Ensemble, fluctuations
of a given net-charge ∆NB = NB − NB¯ are related to the corresponding reduced susceptibilities χˆBn [3]:
1
VT 3
κn(∆NB) = χˆBn , (1)
with χˆBn defined as n
th derivative of the reduced thermodynamic pressure pˆ ≡ pT 4 with respect to the corre-
sponding reduced chemical potential µˆB ≡ µBT and kn(∆NB) stands for cumulants of conserved net-charge
distributions.
At LHC energies there would be, for vanishing light quark masses (u and d quarks), a temperature-
driven second order phase transition between a hadron gas and a quark–gluon plasma [4]. For realistic quark
masses this transition becomes a smooth cross over [5, 6]. Nevertheless, because of the small masses of the
light current quarks, one can still probe critical phenomena at LHC energies (vanishing baryon chemical
potential) as reported in [7]. Indeed, recent LQCD calculations [5, 6] exhibit a rather strong signal for the
existence of a pseudo-critical chiral temperature of 156.5±1.5 at µB = 0. Moreover, this pseudo-critical
temperature turns out to be in good agreement with the chemical freeze-out temperature as extracted by the
analysis of hadron multiplicities measured by the ALICE experiment [8, 9]. This implies that the strongly
interacting matter created in central collisions of Pb nuclei at LHC energies freezes out near the chiral phase
transition line. Within statistical uncertainties, the pseudo-critical line is also consistent with freeze-out
temperatures determined by the STAR BES-I data [10].
At larger values of µB it is generally expected that a line of first order phase transition exists, which ends
in a second order chiral critical point (cf. [4] and references therein).
To increase sensitivity, it is better to exploit higher order cumulants because they are better messengers
of long range correlations and large fluctuations in the proximity of the critical point.
Two comments are in order here. First, the LQCD calculations are predicted for a thermal system in a
fixed volume. While the notion of the volume is not firmly defined in the experimental case, it is a common
practice to use number of wounded nucleons as a proxy for the reaction volume (within the wounded nucleon
model). In experiments, however, wounded nucleons always fluctuate from event to event, hence direct
comparison with LQCD becomes challenging. Second, as mentioned above, the LQCD calculations are
performed within the GCE formulation of the statistical mechanics, where net-baryons are not conserved in
each microstate. However, in experiments baryon number is conserved in each event. While for the analysis
of mean multiplicities the appropriate acceptance can be selected in order to fulfill the requirements of the
GCE, for the higher moments there does not exist any a priory prescription for selecting the ”required”
acceptance. Indeed, if the selected acceptance window is too small, possible dynamical correlations will
be washed out and net-baryons will be distributed according to the Skellam distribution originating from
Poisson distributions for single baryons due to small number statistics. For a larger acceptance, however,
subtle contributions to measured second cumulants can become observable as for instance those coming
from baryon number conservation. Hence the acceptance has to be selected large enough to avoid the small
number Poissonian limit and final results should be corrected for contributions originating from participant
fluctuations and conservation laws.
Interestingly, contributions from participant fluctuations to the second and third order cumulants of net-
baryon distributions are found to vanish at mid-rapidity for LHC energies while higher cumulants of even
order are non-zero even when the net-baryon number at mid-rapidity is zero [11, 12, 13].
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2. Basic notations
The rth central moment of a discrete random variable X, with its probability distribution P(X), is gener-
ally defined as
µr ≡ 〈(X − 〈X〉)r〉 =
∑
X
(X − 〈X〉)r P(X), (2)
where 〈X〉 denotes the mean of the distribution
〈X〉 =
∑
X
XP(X). (3)
In a similar way we introduce moments about the origin, thereafter referred to as raw moments
〈Xr〉 =
∑
X
XrP(X). (4)
The cumulants of X are defined as the coefficients in the Maclaurin series of the logarithm of the char-
acteristic function of X. The first four cumulants read
κ1 = 〈X〉 ,
κ2 = µ2 =
〈
X2
〉
− 〈X〉2 ,
κ3 = µ3 =
〈
X3
〉
− 3
〈
X2
〉
〈X〉 + 2 〈X〉3 , (5)
κ4 = µ4 − 3µ22 =
〈
X4
〉
− 4
〈
X3
〉
〈X〉 − 3
〈
X2
〉2
+ 12
〈
X2
〉
〈X〉2 − 6 〈X〉4 .
In the following, the X quantity is replaced by the net-proton number (np − np¯) which is used as a proxy
for net-baryons.
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Fig. 1. ALICE Pb–Pb data. Left panel: Pseudorapidity dependence of the normalized second cumulants of net-protons R1 at
√
sNN =
2.76 TeV. Global baryon number conservation is depicted as the pink band. The dashed lines represent the predictions from the model
with local baryon number conservation [14]. The blue solid line, represents the prediction using the HIJING generator. Right panel:
Centrality dependence of the ratio of third to second order cumulants for net-protons at
√
sNN = 5.02 TeV. The ALICE data are shown
by red markers, while the colored shaded areas indicate the HIJING and EPOS model calculations.
By their definition, cumulants are extensive quantities, i.e., are proportional to the system volume. To
remove the volume dependence normalized cumulants R1, Sσ and kσ2 are introduced
R1 = κ2(np − np)/
〈
np + np
〉
, Sσ = κ3/κ2, kσ2 = κ4/κ2, (6)
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where S and k denote the skewness and kurtosis of the distribution.
In general all cumulants also depend on volume fluctuations. Before taking the ratios introduced in Eq. 6
the contributions from volume fluctuations have to be accounted for. Only in this case these ratios depend
neither on volume no on its fluctuations. In particular, at lower beam energies it is essential to remove
contributions from volume fluctuations [11, 15].
3. Experimental results
3.1. Results from ALICE
In the left panel of Fig. 1 the acceptance dependence of the efficiency corrected normalized cumulants R1
(cf. Eq. 6), measured in Pb–Pb collisions at
√
sNN = 2.76 TeV, are presented [16, 13]. As already mentioned
in the introduction, at LHC energies the R1 values are not affected by volume and its fluctuations. The
analysis is performed with the Indentity Method [17, 18, 19, 20] in eight pseudorapidity regions ranging
from −0.1 < η < 0.1 up to −0.8 < η < 0.8. The data exhibits linear approach to unity with decreasing
acceptance, consistent with predictions based on the assumption of global baryon number conservation [21,
11]. When imposing a finite acceptance cut the subtle correlations between baryons and anti-baryons,
induced by the global baryon number conservation law, weakens. In the limit of small acceptance these
correlations become not visible anymore in the measured second order cumulants. However, the amount
of correlation inside finite acceptance depends also on the correlation length ∆ycorr in the rapidity space.
This local baryon number conservation [14] would lead to further suppression of the measured R1 values.
Close inspection of Fig. 1, however, indicates that within experimental uncertainties the ALICE data are
best described with the large correlation length in the rapidity space, i.e., the observed correlations, to a
large extent, are induced by global baryon number conservation. The latter corresponds to the correlation
length of ∆ycorr = 2|ybeam|. The HIJING results [22], on the other hand, underestimate the experimental data
and correspond to correlation length of ∆ycorr = 2. The large correlation length observed in the data takes
place before the time [23]
Fig. 2. STAR Au–Au data. The measured Sσ (left panel) and kσ2 (right panel) values as a function of collision energy for net-proton
distributions. The results are shown for 0-5% and 70-80% collisions within 0.4 < pT < 2.0 GeV/c and |y| < 0.5. The error bars and
caps show statistical and systematic uncertainties, respectively.
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Fig. 3. Preliminary NA61/SHINE results on κ3/κ2 (left panel) and κ4/κ2 (right panel) ratios on net-charge distribution at beam
momenta of 150/158A GeV/c as a function of the mean number of wounded nucleons 〈W〉.
τi ≤ τ f exp(−|∆y|/2), (7)
where τ f denotes the hadron freeze-out time and is of order τ f = 10 fm/c for central Pb–Pb collisions at
LHC [24]. This implies that long range rapidity correlations (∆ycorr = 2|ybeam|), observed in ALICE data,
can only be created at early times, shortly after the collision.
For symmetry reasons all odd cumulants of net-proton distribution at LHC energies, measured at mid-
rapidity, are vanishing. Indeed, the efficiency corrected third cumulants of net-protons as measured by the
ALICE collaboration and presented in the right panel of Fig. 1 are, with the precision below 5%, consistent
with zero [25]. The consistency with the expected baseline indicates that all techniques and correction
procedures applied to the experimental data are under control and establishes a solid approach to address
the higher order cumulants. Indeed, the critical behavior at the LHC energies is predicted for higher order
cumulants of net-baryon distributions [26]. A factor of 10 more data, collected in 2018, are already sufficient
to address the fourth order cumulans. From 2021 onward a factor of 100 more statistics will be recorded,
which allows for precise measurements of six order cumulants.
3.2. Results from STAR
The excitation functions of the efficiency corrected normalized cumulants (Sσ = κ3/κ2 and kσ2 = κ4/κ2)
in Au–Au collisions as measured by the STAR collaboration [27], are presented in Fig. 2. The measurements
are performed inside the sub-rage of the space space by imposing selection criteria on transverse momentum
and rapidity of protons and anti-protons 0.4 < pT (GeV/c) < 2.0 and |y| < 0.5. The values of κ3/κ2 (cf. left
panel of Fig. 2) are systematically below the ideal HRG baseline in the Boltzmann limit, both for central
(0-5%) and peripheral (70-80%) collisions. This behaviour is in line with the baryon number conservation
effects as reported in [28]. On the other hand, the UrQMD [29] results, indicated by the hashed red lines,
are above the experimental measurements. For energies higher than 20 GeV the UrQMD results overshoot
the HRG baseline as well. In the right panel of Fig. 2 the κ4/κ2 results are presented. For central collisions
at higher energies the experimental results approach the HRG limit of unity, while at around 27 GeV an
evident dip emerges, rendering the non-monotonic energy dependence. The possible further increase of the
κ4/κ2 ratio, in the context of probing the proximity of the critical point, should be accompanied with this
behaviour. Unfortunately the apparent increase of the measured κ4/κ2 value at
√
sNN = 7.7 GeV is not
statistically significant.
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Fig. 4. HADES Au–Au data: Efficiency and volume corrected proton correlators Cn (n = 2, 3, 4) as a function of the mean number
of protons
〈
Np
〉
within the selected phase-space bin, y ∈ y0 ± ∆y (∆y = 0.1,...,0.5) and 0.4 ≤ pt ≤ 1.6 GeV/c, and for eight centrality
selections. Error bars on data are statistical, cups delimit systematic uncertainties (shown, for clarity, only on the 0-5 % selection).
Black dashed lines connect the data points in a given centrality selection and red solid curves are power-law fits Cn ∝
〈
Np
〉α
.
It should be mentioned that, even if the dramatic increase of κ2/κ2 at lower energies would be in place,
it would still be not enough to claim the discovery of the critical point. In order to allow firm conclusions,
further measurements at even lower energies would be necessary. With the upgraded STAR detector the
approved BES-II program aims at significantly improved statistics (about factor of 20), increased acceptance
in both pT , y and extended measurements down to
√
sNN = 3 GeV in the fixed-target configuration.
Recently the STAR collaboration reported on their first measurements of the κ6/κ2 ratio [30]. At
√
sNN =
200 GeV the measured κ6/κ2 values are negative, while at
√
sNN = 54 GeV they remain positive. This sign
change between the two energies is at odds wit the latest LQCD calculations [3, 31, 32]. The experimental
measurements of 5th order cumulants would shed light on these discrepancies.
3.3. Results from NA61/SHINE
The NA61/SHINE experiment aims at exploring the phase structure of strongly interacting matter by
performing 2-dimensional scan in beam momentum (13-150/158A GeV/c) and sizes of the colliding sys-
tems. In the left and right panels of Fig. 3 the measured κ3/κ2 and κ4/κ2 ratios of net-charge distribution
are presented, respectively. The consistency of both ratios with the corresponding EPOS results, shown by
solid black lines, indicates that the measurements are essentially driven by conservation laws. However, the
corresponding cumulant ratios for separate charges cannot be described with the EPOS model anymore [33].
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This disagreement indicates that further systematic analysis is needed to fully understand the system size
dependence of fluctuation measurements performed by the NA61/SHINE collaboration.
3.4. Results from HADES
As mentioned in the previous section, it is essential to extend the fluctuation measurements towards
lower energies. Recently the HADES experiment performed systematic studies of proton multiplicity dis-
tribution in A–Au collisions at
√
sNN = 2.4 GeV. Together with the cumulnats of proton distribution the
HADES collaboration investigated multi-particle correlators. The integrated correlators are directly linked
to cumulants of distributions [34]. In particular, in order to understand higher order cumulants, it is essen-
tial to separately investigate differential properties of correlators. Indeed, as argued in [35], the functional
behaviour of cumulants on selected rapidity range ∆y allows to distinguish between long- and short-range
correlations. At HADES energies, however, it is more appropriate to use mean number of protons in-
stead of ∆y. In this representation short- and long-rage correlations lead to Cn ∝
〈
Np
〉
and Cn ∝
〈
Np
〉n
scalings, respectively. In Fig. 4 the efficiency and volume corrected integrated multi-particle correlators
are presented as measured by the HADES collaboration [15]. The data are fit with power-law functions
Cn(
〈
Np
〉
) = C0
〈
Np
〉α
, where the exponent α and normalization constant C0 are fit parameters. For the most
central events (0-5%) the obtained values of α parameter are found to be close to the order of the corre-
sponding multi-particle correlator, i.e, α ≈ n for all Cn, with n= 2, 3, 4. This indicates that long range
correlations dominate the cumulants measured in Au–Au collisions by the HADES collaboration.
4. Summary
In summary, several measurements performed by the ALICE, HADES, NA61/SHINE and STAR collab-
orations are discussed. The correlations persistent in normalized second cumulant R1, as measured by the
ALICE collaboration, are induced by collisions in the very early phase of the Pb–Pb interaction. After ac-
counting for baryon number conservation, the ALICE data are in agreement with the corresponding second
cumulants of the Skellam distribution, consistent with the LQCD calculations at a pseudo-critical tempera-
ture of about 156 MeV [3]. The power-law behaviour of multi-particle correlators, reported by the HADES
collaboration, suggest long range rapidity correlations. The STAR data on κ4/κ2 exhibits non-monotonic
behaviour at around
√
sNN = 20 GeV. However, the sign change of κ6/κ2, as reported by the STAR collabo-
ration, is not consistent with the latest LQCD calculations. The measurements of net-charge fluctuations in
small systems performed by the NA61/SHINE collaboration are in good agreement with the corresponding
EPOS results. Near future challenges will be precision measurements of higher moments at RHIC, LHC,
SIS as well as at facilities such as FAIR at GSI and NICA at JINR and their connection to fundamental QCD
properties.
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